ϩ membrane conductance (passive conductance) and an extremely low membrane resistance (R m ) in situ. The combination of these electrophysiological characteristics establishes a highly negative and stable membrane potential that is essential for basic functions, such as K ϩ spatial buffering and neurotransmitter uptake. However, astrocytes are coupled extensively in situ. It remains to be determined whether the observed passive behavior and low R m are attributable to the intrinsic properties of membrane ion channels or to gap junction coupling in functionally mature astrocytes. In the present study, freshly dissociated hippocampal tissues were used as a new model to examine this basic question in young adult animals. The morphologically intact single astrocytes could be reliably dissociated from animals postnatal day 21 and older. At this animal age, dissociated single astrocytes exhibit passive conductance and resting membrane potential similar to those exhibited by astrocytes in situ. To precisely measure the R m from single astrocytes, dual-patch single-astrocyte recording was performed. We show that dissociated single astrocytes exhibit a low R m similarly to syncytial coupled astrocytes. Functionally, the symmetric expression of high-K ϩ conductance enabled rapid change in the intracellular K ϩ concentrations in response to changing K ϩ drive force. Altogether, we demonstrate that freshly dissociated tissue preparation is a highly useful model for study of the functional expression and regulation of ion channels, receptors, and transporters in astrocytes and that passive behavior and low R m are the intrinsic properties of mature astrocytes.
THE CHARACTERISTIC LINEAR current-to-voltage (I-V) membrane conductance (passive conductance) was first described in the seminal neuroglia study by Stephen Kuffler and colleagues ). In the early 1990s, the existence of a glial subtype showing the same electrophysiological characteristic was confirmed by two pioneer patch-clamp studies from white matter and gray matter, and these glial cells were termed "passive astrocytes" (Berger et al. 1991; Steinhauser et al. 1992 ). Since then, passive conductance has been emerging as a general feature of astrocytes from low to high species, including humans Schroder et al. 2000; Zayas-Santiago et al. 2014 ). In the hippocampus, the passive astrocyte becomes the only electrophysiological phenotype after the third postnatal week; therefore, the loss of rectifying channel conductances appears to be an indication of functional maturation of astrocytes (Kafitz et al. 2008; Zhou et al. 2006) .
As for the nature of passive behavior of membrane conductance, it remains to be directly determined whether the conductance signifies the properties of membrane ion channels or is otherwise caused by extensive cell coupling. Recordings from both excised outside-out astrocyte membrane patches and astrocytes in situ in the absence of connexin43/30 all favored the view that gap junctional conductance is unlikely to be the cause of passive membrane behavior Wallraff et al. 2006) . However, inhibition of gap junctions in olfactory ensheathing cells did convert the passive conductance to a rectifying conductance (Rela et al. 2010) . Therefore, a definitive answer to this question is essential for our in-depth understanding of the molecular identity of the channels and the role of passive conductance in basic astrocyte function (Walz 2000) .
In the present study, a modified cell isolation protocol has been achieved with a gentle enzymatic and mechanic treatment of brain tissues, and the yielded viable astrocytes are identified based on the wholeness of the intact domain territory that can be readily confirmed by astrocytic marker sulforhodamine-101 (SR-101) (Nimmerjahn et al. 2004 ). In addition, this method yields dissociated tissue blocks containing variable astrocytes from single to multiple cells; thus this study model should be highly useful for physiological and pharmacological analysis of basic membrane ionic activity and gap junctional communication in the future. We show that the passive behavior and the low membrane resistance are intrinsic properties of membrane ion channels, and the symmetrically expressed high-K ϩ conductance enables rapid change in transmembrane K ϩ gradient in functionally mature hippocampal astrocytes.
MATERIALS AND METHODS
Animals. All the experimental procedures were performed in accordance with a protocol approved by the Animal Care and Use Committees of The Ohio State University. All the experiments were performed from the C57BL/6J male and female mice at postnatal days (P) 21-28.
Preparation of acute hippocampal slices. Hippocampal slices were prepared as described previously. Briefly, brains were rapidly removed from skulls and placed into ice-cold oxygenated (95% O 2 -5% CO 2 ) artificial cerebrospinal fluid (aCSF) slice cutting solution with reduced Ca 2ϩ and increased Mg 2ϩ (in mM: 125 NaCl, 3.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 0.1 CaCl 2 , 3 MgCl 2 , and 10 glucose). Coronal hippocampal slices (250 m) were cut at 4°C with a Vibratome (Pelco 1500) and transferred to the oxygenated standard aCSF (in mM: 125 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 3.5 KCl, 2 CaCl 2 , 1 MgCl 2 , and 10 glucose, osmolality 295 Ϯ 5 mosM; pH 7.3-7.4), recovering at room temperature for at least 1 h before recording or SR-101 incubation.
Fresh dissociation of hippocampal tissues. The method used in this study was modified from a protocol we have reported previously . Coronal hippocampal slices at 250-m thickness were sectioned and incubated in oxygenated aCSF. For tissue dissociation, one to three slices were transferred from standard aCSF to oxygenated Ca 2ϩ -free aCSF at 34°C supplemented with 10 M astrocytic marker SR-101 for 30 min. After incubation, the CA1 regions were dissected out from slices, cut into small pieces (1 mm 2 ), and then transferred into a 1.5-ml Eppendorf tube containing oxygenated aCSF supplemented with 24 U/ml papain and 0.8 mg/ml L-cysteine for a short (7-min) incubation at 25°C. After papain digestion, the loosened tissues were gently triturated five to seven times into a cell suspension and transferred into the recording chamber mounted on the microscope. In each cell suspension, up to 40 small tissue blocks were yielded that contained single to up to 15 astrocytes. The number of astrocytes and their domain territories in each tissue block can be readily visualized based on SR-101 staining (Fig. 1 ). An important difference in cell selection criterion is to choose those astrocytes with their domain territories largely intact. The dissociated cells were allowed 3-5 min to touch down to the bottom of the chamber before a constant aCSF perfusion was switched on at a flow rate of 2 ml/min. The whole cell recordings were made at least 10 min after the settlement of cells to the recording chamber. Morphologically intact single dissociated astrocytes were identified by SR-101 fluorescence. The dissociated cell suspensions were discarded 2 h after papain digestion, and the above procedure was repeated to obtain a new dissociated cell suspension in the same day's experiment.
Imaging acquisition. A fluorescent imaging system (Polychrome V system; Till Photonics, Munich, Germany) was used for identification of astrocytes from freshly dissociated tissues and vitalization of SR-101 staining (Fig. 1) . This system was also used for highresolution visualization of small glial soma for placing electrodes onto individual astrocytes for dual-patch single-astrocyte recording .
Electrophysiology. For brain slice recording, individual hippocampal slices were transferred to the recording chamber mounted on an Olympus BX51WI microscope, with constant perfusion of oxygenated aCSF (2.0 ml/min). Astrocytes located in the CA1 region were visualized using an infrared differential interference contrast video camera. Whole cell patch-clamp recordings were performed using a MultiClamp 700A amplifier and pClamp 9.2 software (Molecular Devices, Sunnyvale, CA). Borosilicate glass pipettes (Warner Instrument) were pulled from a micropipette puller (model P-87; Sutter Instrument). The recording electrodes had a resistance of 3-7 M⍀ when filled with the electrode solution containing (in mM) 140 K-gluconate or KCl, 13.4 Na-gluconate, 0.5 CaCl 2 , 1.0 MgCl 2 , 5 EGTA, 10 HEPES, 3 Mg-ATP, and 0.3 Na-GTP (280 Ϯ 5 mosM). In the experiments presented in Fig. 5 , the intracellular K ϩ was fully substituted by Na ϩ . In the experiments presented in Figs. 3 and 5E, the bath K ϩ concentrations were altered by equimolar substitution of K ϩ by Na ϩ . The membrane potential (V m ) was recorded under current-clamp mode in pClamp 9.2 software. The liquid junction potential was compensated for before the establishment of the cell-attached mode in all recordings. In current-clamp recording, the input resistance (R in ) was measured by "resistance test" (a 63 pA/600 ms pulse) before and after recording. Recordings with initial R in Ͼ25 M⍀ or in which R in varied more than 10% during recording were discarded.
The procedure for dual-patch single-astrocyte recording was detailed in our previous report . Briefly, the Polychrome V system was used for high-resolution cell visualization. A pair of PatchStar micromanipulators (Scientifica, Uckfield, UK) was used for automatic loading of two electrodes to the top of the brain slice or dissociated tissue. Other electrophysiological hardware and software were the same as for single-electrode recording described above. All the experiments were conducted at room temperature.
Chemical reagents. SR-101 was purchased from Invitrogen (New York, NY). All other chemicals and salts used in intracellular and extracellular solutions were purchased from Sigma-Aldrich.
Data analyses. The intracellular K ϩ concentrations ([K ϩ ] i ) were calculated from the Goldman-Hodgkin-Katz (GHK) equation in the following form:
where [x] i and [x] e are intracellular and extracellular ion concentrations, respectively, and E is the voltage across the membrane. For astrocytes, P K is 1, P Cl is assumed to be 0, and P Na is 0.015 (Stephan et al. 2012 ).
The patch-clamp recording data were analyzed using Clampfit 9.0 (Molecular Devices) and Origin 8.0 (OriginLab, Northampton, MA). Results are means Ϯ SE. Statistical analysis was performed using Student's t-test. Significance level was set at P Ͻ 0.05. 
RESULTS

Astrocytes in freshly dissociated tissues show intact cell morphology and domain territories.
Severing of the peripheral processes is a major concern for the use of freshly isolated astrocytes in electrophysiology study, because the processes are the primary cellular locations where ion channels, receptors, and transporters perform cellular functions (Kimelberg et al. 2000) . In our improved tissue dissociation protocol, the dissociated hippocampal tissues from young adult animals contained single to multiple astrocytes that could be readily identified by SR-101 staining (Fig. 1) . Guided by SR-101 staining, viable astrocytes inside the tissues could be readily identified on the basis of somatic shape and the well-preserved spatial domain that matched closely to astrocytes in situ (Bushong et al. 2002) . The isolated single astrocytes were morphologically similar to those reported previously with a similar cell dissociation protocol (Haseleu et al. 2013) . These cell selection criteria were used in the following study.
Single dissociated astrocytes exhibit the same passive conductance as astrocytes in situ. In gap junction-coupled olfactory ensheathing cells, gap junction inhibition altered a linear membrane conductance to a rectifying conductance (Rela et al. 2010) , indicating that gap junction coupling is able to modify the rectification characteristics of membrane ion channels. To definitively answer the nature of passive behavior of membrane conductance, the whole cell patch-clamp recording was made from single dissociated astrocytes. First, the dissociated single astrocytes showed a comparable whole cell membrane potential to astrocytes in situ: Ϫ78.42 Ϯ 1.85 mV (n ϭ 11) in single astrocytes vs. Ϫ78.06 Ϯ 0.67 mV (n ϭ 11) in astrocytes in situ (P Ͼ 0.05; Fig. 2D ), suggesting that dissociation procedure itself exerted barely detectable damage to the functional membrane K ϩ channels. Second, the passive behavior was not significantly altered in freshly dissociated astrocytes compared with astrocytes in situ (Fig. 2, A and B) . We next used the rectification index (RI) to quantitatively compare whether removal of gap junction coupling altered the passive behavior of astrocyte conductance. The RI value in single astrocytes, 0.89 Ϯ 0.01 (n ϭ 4), was comparable to that of astrocytes in situ, 0.93 Ϯ 0.02 (n ϭ 14) (P ϭ 0.177; Fig. 2E ). Altogether, freshly dissociated single astrocytes show comparable membrane potential and RI; thus the passive behavior should primarily reflect the intrinsic property of membrane ion channels, instead of an epiphenomenon resulting from cell coupling.
Single dissociated astrocytes show intact K ϩ channel function. To further confirm that the activity of functional K ϩ channels remains largely intact in freshly dissociated astrocytes, we compared the response of V m to high-K ϩ bath application. As shown in Fig. 3 , in response to the elevation of bath K ϩ concentrations from 3.5 to 23.5 mM, single dissociated astrocytes and astrocytes in situ showed comparable amplitude in V m depolarization: 43.55 Ϯ 0.64 mV (n ϭ 4) vs. 43.44 Ϯ 1.02 mV (n ϭ 7) (P Ͼ 0.05). These results further show that viable astrocytes with unchanged K ϩ channel activity can be readily dissociated using our improved method.
Gap junctional coupling has little contribution to an astrocyte's low membrane resistance. An extremely low R m causes ϳ80% of voltage error in astrocyte voltage-clamp recording in situ Park et al. 2013; Zhou et al. 2009 ). We have shown that single astrocytes exhibit comparable whole cell current amplitude in both inward and outward directions (Fig. 1) , suggesting a similarly low R m in dissociated single astrocytes compared with syncytial coupled astrocytes. To precisely measure the voltage error as well as the R m from single astrocytes and compare them with values for astrocytes in situ, we used dual-patch single-astrocyte recording in the following experiment (Fig. 4A) . With this method, one electrode is used for conventional voltage-clamp recording that records the command voltage (V com )-induced membrane currents (I), whereas the second electrode is set up in current-clamp mode (no holding currents) and records the V com -induced actual membrane potential (V m ) fall on the membrane (Fig. 4A ) ). The V com -induced V m was comparable between single dissociated astrocytes and astrocytes in situ (n ϭ 6; Fig. 4B ), suggesting that in the absence of gap junctional coupling, the voltage-clamp quality was as similarly poor as for astrocytes in situ.
We recently showed that an extremely low R m is causal for the poor voltage-clamp quality and that dual-patch singleastrocyte recording allows more accurate analysis of R m . Thus dual-patch single-astrocyte recording was used to precisely measure R m in single dissociated astrocytes. A pair of Ϯ40-mV voltages was used for simultaneous dual-patch measurement of I and V m for R m calculation (Fig. 4D) . The results showed that the R m in single astrocytes, 6.34 Ϯ 1.36 (n ϭ 5), was comparably as low as in syncytial coupled astrocytes, 6.33 Ϯ 0.71 M⍀ (n ϭ 10) (P Ͼ 0.05). Thus, to a great extent, the passive behavior and low R m reflect the intrinsic channel expression in astrocytes.
Passive conductance enables rapid change in transmembrane K ϩ gradient. The passive conductance implies an abundant and combined expression of multiple leak-type K ϩ channels, such as inwardly rectifying K ir 4.1, two-pore domain K could be easily altered in the event of a rapid change in transmembrane K ϩ driving force. To demonstrate this, we created the conditions where the intracellular K ϩ ions were completely substituted by Na ϩ ions at the beginning of the experiment (Fig. 5A) , and negative holding current (I holding ) pulses was applied to the recorded cells with an incremental duration from 1 to 5 s. The prolonged inward K ϩ drive force should result in an increasing accumulation of intracellular K ϩ that can be calculated by GHK equation from the reversal potential (V rev ) measured immediately after the release of I holding pulses. As shown in Fig. 5B , the incremental I holding pulses induced a duration-dependent negative shift in the maximal V m hyperpolarization, and this was associated with a duration-dependent negative shift in V rev (shaded areas, Fig. 5C ). According to the GHK calculation, the resulting V rev corresponded to an I holding duration-dependent increase in intracellular K ϩ concentrations. For instance, 1-and 5-s negative I holding resulted in a net intracellular K ϩ accumulation of 12.28 Ϯ 1.66 and 26.84 Ϯ 4.77 mM, respectively (n ϭ 7; Fig. 5F ). Thus a transient inward K ϩ driving force would be enough to induce a substantial accumulation of intracellular K ϩ ions. In the absence of extracellular K ϩ ions (Fig.  5D ), release of negative I holding returned the V rev directly to the resting V m (Fig. 5E) . Therefore, the passive conductance enables highly efficient flux of K ϩ ions across astrocyte membrane.
DISCUSSION
In the present study, an improved cell isolation protocol was developed to yield morphologically and functionally intact astrocytes from a young adult brain. Aided by this technical advancement, we show that the passive behavior and low R m primarily reflect the intrinsic property of the membrane ion channels of mature astrocytes. This new astrocyte model should be highly valuable for examining the basic functional properties of individual astrocytes without the influence from the syncytial coupling and unpredictable secondary effects from the surrounding neurons.
Freshly dissociated hippocampal tissues as a new model for study of astrocyte function. The use of acutely isolated astrocytes has generally been considered a highly valuable model to gain insight into the basic property and function of astrocytes (Kimelberg et al. 2000) . During development, astrocyte gene expression and function change dramatically (Cahoy et al. 2008; Sun et al. 2013) . Thus, to understand the basic function of astrocytes in the adult brain, the very first step is to reliably learn the basic properties of astrocytes acutely dissociated from adult brain. However, successful isolation of morphologically and functionally intact astrocytes from adult brains remains technically challenging.
In the advent of SR-101 as an excellent astrocyte marker (Nimmerjahn et al. 2004) , we aimed at a cell isolation protocol that would yield astrocytes with domain territories as wellpreserved as their counterparts in situ. In the present study, we found that with reduced enzymatic treatment time and softened strength in mechanical tissue trituration, this improved cell dissociation method can reliably yield hippocampal tissues that contain single to multiple viable astrocytes. The morphology of Duration of holding current (s) single astrocyte recorded under the condition shown in A in current-clamp mode; a Ϫ2-nA holding current (I holding ) pulse was applied at incremental durations from 1 to 5 s. In between these I holding pulses, the cell was maintained at I holding ϭ 0 for V m recovery back to resting levels. The longer the duration of the I holding pulse, the larger the induced maximal V m hyperpolarization. Also, the longer the duration of the I holding pulse, the more negative the reversal potential (V rev astrocytes in the tissues can be clearly identified on the basis of SR-101 staining, and an important criterion for choosing astrocytes in the following functional study is the wholeness of the domain territory (Fig. 1) .
At the functional levels, we have shown that the resting membrane potential and the overall K ϩ channel activity did not show obvious differences in freshly dissociated astrocytes compared with astrocytes in brain slices (Figs. 2 and 3) , indicating the preservation of this essential functional property after tissue dissociation.
Passive behavior and low R m are intrinsic properties of membrane ion channels. A definitive answer to the nature of passive behavior of astrocyte membrane conductance is the very first step for further understanding of a series of questions relevant to astrocyte physiology, such as the molecular identity of K ϩ channels, the influence of syncytial coupling on the membrane potential of individual astrocytes, and how the passive behavior of K ϩ conductance is superior to the classic GHK outwardly rectifying leak-type K ϩ channels for K ϩ uptake and release (Hille 2001) . We have previously shown that after the third postnatal week, all recorded hippocampal astrocytes exhibit an identical passive conductance , and the passive conductance remains in the majority of excised outside-out astrocyte membrane patches . Astrocytes with the absence of major gap junction channels connexin43/30 also show an unchanged passive behavior and minimally reduced membrane conductance (Wallraff et al. 2006 ). On the other hand, gap junction coupling does mask the rectifying conductance in olfactory ensheathing cells and glial fibrillary acidic protein (GFAP)-expressing cells in the subventricular zone (Liu et al. 2006; Rela et al. 2010) . Thus the use of freshly dissociated astrocytes from hippocampus of P21 and older mice is critical to clarify this important issue.
In the present study, we have shown that the activation kinetics of the endogenous membrane ion channels should be the primary cause of the passive behavior of membrane conductance. Furthermore, in dual-patch single-astrocyte recordings, we have demonstrated directly that the low R m is mainly attributable to the endogenous expression of high-K ϩ conductance. This finding is important to guide future discovery of additional ion channels that altogether give rise to a passive behavior of astrocyte membrane conductance.
In the central nervous system, spermine/spermidine is predominantly localized in astrocytes (Laube and Veh 1997) . Studies from retinal Müller glia have shown that these endogenous polyamines block the outward rectification of K ir 4.1 and also modify gap junction coupling of hippocampal astrocytes in situ (Benedikt et al. 2012; Skatchkov et al. 2000) . Additionally, an additive inhibition of Kir4.1 and TASK-1 two-pore domain K ϩ channel could be achieved by their respective channel blockers in Müller glia (Kucheryavykh et al. 2008 ). These observations would be highly valuable for future identification and study of the K ϩ channels in freshly dissociated hippocampal astrocytes.
Symmetrically expressed K ϩ conductance enables rapid change in transmembrane K ϩ gradient. The low R m indicates a high-density expression of K ϩ conductance, and one of the functional implications would be for high-efficiency K ϩ uptake and release ). In the present study, our tissue dissociation protocol uncouples single astrocytes from the syncytium, which allows experimental substitution of intracellular ions. Under the experimental condition where the intracellular K ϩ was completely absent, a 1-to 5-s change in inward K ϩ driving force resulted in a substantial accumulation of K ϩ from 12.28 Ϯ 1.66 (1 s) to 26.84 Ϯ 4.77 mM (5 s). In the same study, we also have demonstrated that removal of extracellular K ϩ prevented the accumulation of K ϩ under the same inward K ϩ driving force. We therefore concluded from these observations that the astrocyte membrane is highly permeable to K ϩ and that an important functional role of the symmetrically expressed K ϩ conductance is for high-efficiency K ϩ flux across the astrocyte membrane.
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